To search for new indicators of self-renewing hematopoietic stem cells (HSCs), highly purified populations were isolated from adult mouse marrow, micromanipulated into a specially designed microscopic array, and cultured for 4 days in 300 ng͞ml Steel factor, 20 ng͞ml IL-11, and 1 ng͞ml flt3-ligand. During this period, each cell and its progeny were imaged at 3-min intervals by using digital time-lapse photography. Individual clones were then harvested and assayed for HSCs in mice by using a 4-month multilineage repopulation endpoint (>1% contribution to lymphoid and myeloid lineages). In a first experiment, 6 of 14 initial cells (43%) and 17 of 61 clones (28%) had HSC activity, demonstrating that HSC self-renewal divisions had occurred in vitro. Characteristics associated with HSC activity included longer cell-cycle times and the absence of uropodia on a majority of cells within the clone during the final 12 h of culture. Combining these criteria maximized the distinction of clones with HSC activity from those without and identified a subset of 27 of the 61 clones. These 27 clones included all 17 clones that had HSC activity; a detection efficiency of 63% (2.26 times more frequently than in the original group). The utility of these characteristics for discriminating HSC-containing clones was confirmed in two independent experiments where all HSCcontaining clones were identified at a similar 2-to 3-fold-greater efficiency. These studies illustrate the potential of this monitoring system to detect new features of proliferating HSCs that are predictive of self-renewal divisions.
T ime-lapse video imaging offers unique opportunities to determine how specific physical properties of individual living cells change with respect to one another over time and under different conditions. Time-lapse micrography has been used for more than half a century (1) (2) (3) (4) to study cell morphology during attachment and migration (5, 6) , cell lifetimes (7, 8) , growth (9) , death (2, 10), contact inhibition (11) , clonal heterogeneity (12) , and mitosis (13) . Software for extracting and analyzing cell lineage (14) and morphology (15) data from videos of cells also has an extensive history. Time-lapse studies of primitive hematopoietic cells have provided information about their cell membrane dynamics when cocultured with stromal cells (16, 17) or fibronectin (18) , their kinetics of division (19) , their morphology and migration (20) , their localization in vivo (21) , and their simultaneous expression of different fluorescent proteins (22) .
Here, we asked whether time-lapse video imaging could be used to identify previously unidentified behavioral traits of hematopoietic stem cells (HSCs) with functionally validated long-term multilineage repopulating activity in vivo. A number of groups have reported methods for obtaining highly purified (Ͼ20% pure) populations of HSCs from normal adult mouse bone marrow (23) (24) (25) (26) (27) (28) . One of these methods involves isolating cells lacking surface markers characteristic of mature blood cells (i.e., lineage marker-negative, or lin Ϫ cells) and able to efflux the fluorescent dyes, Rhodamine-123 (Rho Ϫ cells) and Hoechst 33342 (25) . Efflux of Hoechst 33342 results in the appearance of a side population of cells (SP cells) in two-dimensional plots of fluorescent events (29) . In mouse bone marrow (BM), the subset of lin Ϫ Rho Ϫ SP cells represents Ϸ0.004% of all of the cells. Assessment of the blood cells generated in mice after injection of single lin Ϫ Rho Ϫ SP cells has shown that 40% of these cells can produce all blood cell types for many (Ͼ4) months (25) . Interestingly, most of the markers used to isolate HSC-enriched populations from steady-state mouse BM are not directly associated with HSC functional potential, because these phenotypes are altered when HSC are activated or stimulated to divide (30) (31) (32) (33) (34) . In fact, very few stable properties of HSCs, apart from their defining developmental potential, have been identified. To search for previously unidentified properties of HSCs that remain relevant even while they are proliferating, we developed a microwell-array imaging system to visualize clones derived from individual HSCs over a 4-day period under conditions that support HSC self-renewal divisions (25, 35, 36) . Each clone was then recovered and assayed for the presence of HSCs with long-term multilineage in vivo repopulating activity. Video images of these assayed clones were then used to correlate visible characteristics of the cultured cells with those that had produced functionally defined daughter HSCs.
(n ϭ 679) and, hence, the duration of each intervening cell cycle. From these data, we constructed pedigree diagrams for each of the 67 clones generated (Fig. 2D) . The average times to the first, second, and third division determined for all cells that completed these cycles were 39.5 Ϯ 7.6, 18.2 Ϯ 5.2, and 15.8 Ϯ 3.8 h, respectively (Fig. 2E) . Sister cells (i.e., paired progeny derived from the same parental cell) divided with remarkable synchrony throughout the culture period (Fig. 2F) . Transplantation data were obtained on 61 individually harvested clones, and the results showed that 17 of the 61 clones (28%) contained HSCs. This finding demonstrated that a high proportion of the input HSCs had executed at least one self-renewal division during imaging, despite the overnight transit of the cells before and after the 4-day culture period (Fig. 1 B and D) .
Association of Smaller Clone Sizes and Longer Cell-Cycle Times with
Retention of HSC Activity. Retrospective analysis showed that the 4-day clones containing HSCs were significantly smaller than those in which HSCs were not detected (log 2 average size 8.8 Ϯ 1.1 cells, n ϭ 17 versus 17.6 Ϯ 1.2 cells, n ϭ 44, P Ͻ 0.005, Fig. 3C ). This difference in clone size corresponds to an average difference of one fewer cell generation (3.1 versus 4.1) in the clones in which HSC self-renewal divisions were subsequently shown to have occurred. The average cell-cycle time of cells that completed one, two, and three divisions was also significantly longer for all three cycles (P Ͻ 0.005) in the HSC-containing clones as compared with those without detectable HSCs (Fig. 3A) . The best discrimination between these two types of clones was obtained by combining all three cell-cycle times (Fig. 3B ). Note that, for these calculations, we excluded clones in which three divisions or more did not occur, although there were only seven such clones in all. Interestingly, neither of the two starting cells that remained viable but did not divide during the 4-day imaging period displayed repopulating activity when subsequently injected into mice. Also, clones containing HSCs had significantly (P Ͻ 0.05, one-tailed t test) greater asymmetry between the cell-cycle times of the daughters of the clone founder than clones in which HSCs were not detected (for details, see Supporting Text, which is published as supporting information on the PNAS web site).
Association of a Late Prevalence of Cells with Uropodia with Loss of
HSC Activity. We also looked for other features of cell behavior in clones that might be associated with their retention (or loss) of HSC activity, including the acquisition and loss of different types of cellular projections. During the first 14-18 h, only 6 of the 67 wells (Ϸ9%) contained cells with lagging posterior projections (uropodia) although 45 (Ϸ67%) contained cells with other cytoplasmic extensions. At later times, uropodia became more prevalent, particularly in some clones ( Fig. 2 G and H) . Filopodia (long, thin projections) were observed with high-resolution imaging (ϫ20 and ϫ40 objectives) on most cells at the start and end of the period of monitoring, but these filopodia were not consistently visible in the lower-resolution images collected every 3 min (by using the ϫ5 objective) and were therefore not included in this analysis. When cells were scored for the presence or absence of uropodia during the final 12 h of the 4-day culture period, the majority of the cells in 25 of the clones (Ϸ37%) contained uropodia. A significant association (P Ͻ 0.05) with the presence or absence of HSC activity was found only in the latter case, where none of the clones with a late predominance of cells with uropodia were found to contain HSCs.
Identification of a Combination of Monitored Parameters That Are
Predictive of HSC Self-Renewal Divisions. We then asked whether combining two different parameters of cell behavior in the clones (time to third division and lack of uropodia on the 4th day of culture) would identify HSC-containing clones more effi- ciently than either of these parameters on its own. To apply the first parameter, we chose a minimal cell-cycle time that included all HSC-containing clones and excluded a maximum number of non-HSC-containing clones. To define such a cutoff in a way that could be applied to other data sets, we set it equal to the mean time to the third division measured on the entire data set minus 0.5 SD. For the data set shown in Fig. 3 , this value was 67.23 h. This value was then used as a gate to subdivide clones into two groups; those clones in which the first cell to reach a third mitosis did so in Ͻ67.23 h and those in which the first cell to reach a third mitosis took longer than this threshold period (see Supporting Text and Fig. 5 , which is published as supporting information on the PNAS web site, for additional details). We then further subdivided the clones into two groups based on whether or not the majority of the cells within the clone displayed uropodia at any point during the final 12 h of culture. Selection of clones in which the time to the third division was Ͼ67.23 h and Յ50% of the cells exhibited uropodia in the last 12 h of culture identified clones that contained HSCs at a 2.26-fold-higher frequency than in the original 61 clones analyzed (Fig. 4, Table 1 ).
The robustness of these criteria to identify HSC-containing clones was then tested by applying them to similar data acquired from two independently executed experiments of the same design. As in the first experiment, maintenance of HSC activity was evident in the clones analyzed after culturing single CD45 mid lin Ϫ Rho Ϫ SP cells for 4 days (Fig. 1 E and F) . Importantly, application of the same criteria identified in the first experiment to the data obtained from the two later experiments allowed the HSC-containing clones to again be predicted with a 2 to 3-fold-increased efficiency (Table 1) .
Discussion
Here, we describe a time-lapse video monitoring system that allows high-resolution real-time tracking of cells in multiple expanding clones in vitro to be coupled with functional assays of the individually harvested clones at the end of the monitoring period. These unique features have made it possible to address questions about the biology of HSCs that have not been amenable to investigation. The objective of our study was to identify parameters that might be associated with HSC self-renewal divisions in vitro. From a survey of numerous cell features (see Table 2 , which is published as supporting information on the PNAS web site, for details of other features considered), we identified two that each showed a significant association with clones containing HSCs after 4 days of culture: a prolonged cell-cycle time measured over thee divisions and a reduced proportion of progeny with uropodia at any time between 84 and 96 h of culture. In combination, these parameters identified all of the HSC-containing clones in each of the three experiments performed and consistently enhanced the identification of HSC-containing clones 2-to 3-fold independent of the starting purities of the HSCs tested (see controls in Table 1 ) or other interexperimental variations likely to have occurred, suggesting that these biomarkers are, indeed, robust features of mouse bone marrow HSCs.
These findings extend the results of previous studies that correlated longer cell-cycle times of primitive hematopoietic cells of both mouse (37) and human (38, 39) origin with the retention of their primitive cell properties. The experiments described here have taken this line of investigation a step further through the use of a more highly purified HSC starting population, a higher spatial-temporal-resolution monitoring system, and functional assessment of the HSC activity retained (or not) by each tracked clone. In this way, a link between HSC cell-cycle time and their self-maintenance in culture could be definitively established. Schroeder (40) has recently described a complementary computer-aided culture and time-lapse imaging system that he has used to describe the generation of HSC-derived clones on stromal cell feeder layers but without data for HSC Gray symbols represent clones that were excluded by one or both of the two criteria applied (i.e., the average time to a third division was Ͻ67.23 h and͞or Ͼ50% of cells within the clone displayed uropodia during the final 12 h of culture). Filled symbols identify the 27 clones that were not excluded by either criteria (i.e., the fastest time to a third division was Ͼ67.23 h and Յ50% of cells within the clone displayed uropodia during the final 12 h of culture). The latter allowed the frequency of HSC-containing clones in the remainder to be increased from 28% to 63%, a 2.26-fold increase. activity in the clones produced. We anticipate that further use of both systems will provide valuable insights into how primitive hematopoietic cells interact with external cues to regulate their self-renewal and differentiation potential.
Multiple studies have associated a variety of cell projections with primitive hematopoietic cells (18, 21, (41) (42) (43) . In particular, Frimberger et al. (16) observed several types of projections on the leading edge and periphery of cells in HSC-enriched populations using high-speed optical-sectioning microscopy and inverted fluorescent video microscopy. Giebel and colleagues (43) have described the appearance of uropodia at the rear pole of human CD34 ϩ cells. Here, we found that the late presence of uropodia was negatively associated with retained HSC activity. Clearly, attention to the criteria used to define different categories of projections as well as the particular culture conditions used and the time in culture at which they are assessed will be important to future investigations of whether these projections play a role in HSC biology.
Although our approach is potentially applicable to any HSCcontaining population, all candidate biomarkers would need to be screened again if a different isolation strategy were used, because the non-HSC component of such populations would likely be different. A strength of the approach used here is that it can be adapted to any source of HSCs or HSC isolation strategy because it makes no assumptions about the biological homogeneity of the cells being monitored. The most useful biomarkers are, however, those that can be directly linked to the defining developmental properties of HSCs. The technology and experimental design described here, thus, represent an important advance in the definitive identification of such features. In addition, the system we have described has the flexibility of allowing specific cells with tracked histories to be removed by micromanipulation at any time point and then assayed or analyzed. Cells containing reporter genes or labeled surface or internal components will further broaden the scope of cellular events that can be monitored. We, thus, anticipate increasing application of this powerful technology to many areas of cell biology.
Methods
Mice. Bone marrow donors were 8-to 12-week-old C57BL͞6J-Ly5.1 or -Ly5.2 mice. Transplant recipients were Ly5-congenic C57BL͞ 6J-W 41 ͞W 41 mice sublethally irradiated with 360-cGy x-rays at Ϸ350 cGy͞min. Peripheral blood (PB) was collected at 4, 8, 12 , and 16 weeks after transplant, and the leukocytes were then stained with antibodies for donor and recipient CD45 allotypes plus lymphoidand myeloid-specific markers. Long-term repopulation was defined as the detection of donor-derived leukocytes at Ͼ1% levels in the PB for at least 16 weeks. Multilineage repopulation was defined as the detection of Ͼ1% of both donor type lymphoid and myeloid cells at 4, 8, 12, and͞or 16 weeks after transplantation. Evidence of both long-term and multilineage repopulation in the same recipient was used to infer that Ն1 HSC had been injected. For further details, see Supporting Text and Fig. 6 , which is published as supporting information on the PNAS web site. (Fig. 2 A, prepared as described below) , which was then placed at 37°C in a humidified, 5% CO 2 atmosphere and imaged every 3 min by using phase contrast optics. The time of cytokine addition was set as 0 hours of culture time for all experiments. At the end of the 4 days of culture, the clones in the arrays were harvested individually, placed into separate 0.65-ml microcentrifuge tubes, and shipped via overnight courier at 4°C to Vancouver, where the cells in each tube were resuspended and injected into individual sublethally irradiated C57BL͞6J-W 41 ͞ W 41 recipients.
Videotracking System. Cells were cultured in custom-designed microwell chambers. Briefly, these microwell arrays were constructed by applying silicone gel to a glass coverslip to form a film Ϸ20 m thick, and a 100-m-wide glass scraper was then used to machine two sets of perpendicular rows to form the array wells before the gel set ( Fig. 2 A) . A glass tube was then affixed around the array to form a reservoir to contain the culture medium. To deposit the cells within the array, the entire reservoir was filled with 1 ml of medium containing Ϸ50 cells that were then allowed to settle. Each of the 40 microwells was then loaded with a single cell by repositioning the settled cells using a glass micropipette guided by a 3-axis motorized micromanipulator. The micropipettes were made from capillary tubes (3-000-203-G͞X; Drummond) by using a vertical pipette puller (Model 720; Kopf) and cut with a single-crystal diamondtipped glass etcher to give an opening 15-30 m wide. Images were obtained on a Zeiss Axiovert 200 microscope equipped with phase-contrast optics and a Sony XCD-SX900 digital camera. Cells were exposed to light only during imaging. Each cell in each image of the Ϸ1850-image time courses was scored for morphological characteristics, location, and parentage by using human-assisted custom cell-tracking software that generated pedigree diagrams with other data superimposed on them for visualization. Data from these diagrams were then imported into standard analysis programs (EXCEL, MATLAB, and PRISM) to test correlations between candidate biomarkers and HSC activity (details of the human-assisted tracking techniques and a list of candidate biomarkers that were tested are given in the Supporting Text and Table 2 ).
